chondrogenesis; (5) high tensile strain is a stimulus for the net production of fibrous tissue; and (6) tensile strain with a superimposed hydrostatic compressive stress will stimulate the development of fibrocartilage. Finite element models are used to show that the patterns of tissue differentiation observed in fracture healing and distraction osteogenesis can be predicted from these fundamental mechanobiologic concepts. In areas of cartilage formation, subsequent endochondral ossification normally will proceed, but it can be inhibited by intermittent hydrostatic compressive stress and accelerated by octahedral shear stress (or strain). Later, bone remodeling at these sites can be expected to follow the same mechanobiologic adaptation rules as normal bone.
Mechanobiology is the study of how mechanical or physical conditions regulate biologic processes. In considering the role of mechanobiology in fracture healing, it is useful to think about three overlapping phases in skeletal repair. In the first phase, there is a rapid proliferation of pluripotential tissue, which can differentiate into cartilage, bone, or fibrous tissue, thereby forming the fracture callus. The proliferation and differentiation of this tissue is under the influence of biologic growth and differentiation factors and affected by epigenetic chemical factors such as the local oxygen tension. Proliferation and differentiation also are affected strongly by the mechanical environment of the regenerat-ing tissue, although the interactions between mechanical and biologic factors in the differentiation process are unclear. 8 The second phase involves the endochondral ossification of the cartilage formed at the fracture site. This process, like endochondral ossification of the skeletal anlagen, will proceed in tissue that is not mechanically loaded. However, the speed of endochondral ossification can be influenced by the mechanical loading.6,10.1*,51 Intermittent hydrostatic compressive stress will slow or stop endochondral ossification, and intermittent octahedral shear stress (or strain) will accelerate ossification.
The third phase in secondary fracture healing entails the remodeling of the intramembranous and endochondral bone that is formed. This bone remodeling probably is regulated by the loading history in the same manner as bone during development and functional adaptation. 3-7.50 This article addresses primarily the first phase of the fracture healing process in which preosseous pluripotential tissue differentiates into cartilage, bone, or fibrous tissue. Continuum material tissue level differentiation concepts are used to relate the distribution of stress and strain histories to the tissue differentiation patterns in the initial phases of skeletal regeneration in a long bone. Then by the use of finite element computer models, the spatial patterns of tissue differentiation expected in normal fracture healing and distraction osteogenesis are predicted. These patterns are compared with classic observations of fracture healing and also with recent results from a mouse tibia distraction osteogenesis experiment.
CONCEPTUAL FRAMEWORK FOR SKELETAL MECHANOBIOLOGY

Levels of Consideration
The role of physical factors in skeletal regeneration can be addressed on the organ, tissue, cellular, and molecular levels ( Table 1) . These roughly parallel the levels of organization described previously by Petersen34 and de RicqlCs et al. 37 Organ level mechanical signals can be characterized in terms of loading history, which includes varying records of such quantities as force, displacement, and deformation. For example, the rigidity of a fracture fixation device and the physical activities of a patient result in a clinical history of forces and motion at the fracture site. This history then may be correlated with the speed and efficacy of fracture healing. The organ level loading history also can be used as a basis for investigating the mechanobiology of skeletal regeneration at the tissue level.
At the tissue level, researchers trying to understand mechanical signaling, assuming that the differentiating tissue is a continuous material, characterize the mechanical stimulus in terms of engineering quantities such as stress and strain. Based on physical tests of tissue material properties and approximations of tissue loading, these quantities can be calculated throughout the tissue, and have been related to various patterns of tissue dif- 28 The molecular level is the most specific level for the study of mechanical signaling. Molecular level signals may include cytoskeleton damage or disruption, integrin binding, growth factors, and stretch activated ion channel activity. Many of these molecular level signals also have been associated with changes in specific cell activiUnderstanding the overall process of mechanical signaling requires an appreciation for these various levels of study and a knowledge of how one level relates to the next. For example, it can be observed at the organ level that fracture instability leads to delayed fracture healing. At the tissue level, fracture instability relates to increased stress and strain in the differentiating tissue and different forces lead to different spatial distributions of stress and strain in the tissues. At the cellular level, local tissue stress and strain may cause changes in cell pressure or shape. At the molecular level, cell shape changes may cause a disruption of the actin cytoskeleton. This may be a molecular signal for the initiation of a certain pattern of protein synthesis that on the organ level results in delayed fracture healing.
Mechanobiologic Concepts at the Tissue Level
Pauwels,30 drawing on ideas of Roux38 and Benninghoffs in the early 1900s, studied difties. 1.22.39.40 ferentiation patterns in many normal and experimental in vivo situations. He developed general concepts for explaining mechanical influences on skeletal tissue differentiation by estimating the applied loads in these situations and inferring local stress and strain levels in the loaded tissue.
Stress and strain are tensor quantities defined by specifying six components and a reference coordinate system. Pauwels30 recognized that the important information for tissue mechanical signaling appeared to be contained in the stress and strain invariants, which are scalar quantities independent of the coordinate system (thus invariant). These scalars can be calculated from the full stress and strain tensors. Two stress invariants are octahedral shear (or distortional) stress and hydrostatic stress. Two strain invariants are octahedral shear (or distortional) strain and volumetric strain. In a compressible, elastic, isotropic material, hydrostatic stress causes a change in material volume, or volumetric strain, but no distortion. Conversely, octahedral shear stress (also called distortional stress) causes material deformation, or distortional strain, but no change in volume. Pauwels also realized that distortional stress and its resulting distortional strain always involves material elongation in some direction, and therefore is associated with a tensile strain in that direction (Fig 1) .
Pauwels30 developed his ideas on the effects of tissue distortion by examining particular cases of localized fibrous tissue development from mesenchyme in oblique pseudarthroses and angulated fractures, and by observing the development of transverse collagen fibers in the cartilage between fracture surfaces. Making some simple assumptions about tissue loading in these cases, he reasoned that the cell and extracellular matrix elongation associated with distortional stress constitute a specific stimulus for the development of collagen fibers. He also saw that in other regions of oblique pseudarthroses and angulated fractures, the tissue differentiated into cartilage. Making other assumptions about tissue loading in each of these cases, Pauwels concluded that hydrostatic compression is a specific stimulus for cartilage formation, but he could not determine a mechanical stimulus that guided bone formation. He thus believed that "There is no specific mechanical stimulus for the formation of bony tissue. This proceeds on the basis of a rigid framework (connective tissue, cartilage, or bone)."30 Pauwels' tissue differentiation ideas are represented graphically in Figure 2A .26329 He used the terms compression and deformation as axis labels. It is clear from his writings that in the context of tissue differentiation, Pauwels used the term compression to mean hydrostatic compressive stress. Hydrostatic tension was not depicted because he believed that hydrostatic tension could not be created in skeletal tissues. His use of the term deformation was meant to indicate stretching of the tissue in some direction. Regarding elongation occurring in addition to hydrostatic stress, Pauwels envisioned the formation of collagen fibers interposed with cartilage, and thus the formation of fibrocartilage. Pauwels believed that when the tissue experienced low magnitudes of tensile strain and hydrostatic stress, there was insufficient mechanical stimulus to guide the tissue differentiation process.
Perren32 and Perren and C~r d e y~~ developed the concept of interfragmentary strain to explain various characteristic fracture healing patterns and to provide a theoretical basis for evaluating fracture treatment strategies. Their approach was based on a consideration of the strain magnitude created in the differentiating tissue at the fracture site. One basic idea formed the basis for their theory: A tissue that ruptures or fails at a certain strain level cannot be formed in a region of precursor tissue experiencing strains greater than this level. These studies focused on strain rather than stress as the tissue level quantity describing mechanical stimulation because strain describes the actual physical phenomenon of tissue elongation, which can be related closely to tissue damage in soft biologic tissues. The interfragmentary strain tissue differentiation concept of Perren32 and Perren and Cordey33 was used to describe primary and secondary fracture healing.
Building on the foundation developed by Pa~wels,29~30 Perren,3* and Perren and Cordey,33 Blenman et a1, 6 Carter et a1,g.g and Giori et al,16J7 further developed the concepts relating tissue differentiation to mechanical loading (Fig 2B) . They specifically discussed the importance of cyclic tissue loading and proposed a method to calculate a local stress or strain history. In this formulation, compressive hydrostatic stress history guides the formation of cartilaginous matrix constituents, and tensile strain history guides connective tissue cells in their production and turnover of fibrous matrix constituents. Fibrocartilage is formed in regions of tensile strain with superimposed hydrostatic compressive stress. Direct bone formation is permitted in regions exposed to neither significant compressive hydrostatic Number 3558 October, 1998 Mechanobiology of Skeletal Regeneration S45 stress nor significant tensile strain. However, osteogenesis requires a blood supply, and preosseous tissue can be diverted down a chondrogenic pathway in regions of low oxygen tension.* Using this basic conceptual framework, the first author of the current study, along with his colleagues, previously investigated the tissue differentiation patterns in fracture healing,6.* tissue differentiation at the bone implant interface,gJ7 and fibrous tissue modulation in tendons. 16 The emphasis on stress and strain history is meant to allow the incorporation of a broad range of cyclically applied loads applied to the tissue over time. The best mathematical forms to represent the daily hydrostatic stress history and strain history are yet to be determined. Current research in many laboratories is aimed at establishing the optimum loading history for bone repair. Results of such studies likely will lead to a refinement of the basic concepts presented here and suggest appropriate mathematical expressions for representing the loading history.
The mechanobiologic concepts presented must be viewed with a consideration of the biologic factors that initiate and influence the bone repair process. When bone initially is fractured or traumatized, a flood of chemical factors are released to the local region of A Compression tissue damage. These factors are responsible for initiating the sometimes massive tissue proliferation and differentiation cascade associated with skeletal tissue regeneration. Cell proliferation in this early stage of regeneration is increased additionally by intermittent motions at the site of regeneration. It seems likely that the cyclic shear (or tensile) strains created by motion serve as a stimulus to growth of the callus tissue. The differentiation of this regenerating tissue results in direct intramembranous bone formation, provided the regenerating tissue is well vascularized and minimal mechanical forces or motions are imposed. The extent of proliferation and bone induction at a site of bone regeneration clearly is related to the diffusion and convection characteristics of chemical factors and the mechanical environment. The greatest amount of regenerating tissue therefore is expected at the location of greatest bone and soft tissue trauma.
The examples that follow show how the application of mechanical forces at the site of tissue regeneration can influence significantly the basic bone induction process described. Finite element models were used for making predictions about patterns of bone, cartilage, and fibrous tissue in a regenerating long bone based on mechanobiologic concepts pre- sented (Fig 2B) . By imposing simplified loading histories consisting of a repeatedly applied unit compression or tension axial force, the histologic patterns expected in normal secondary fracture healing and distraction osteogenesis were predicted and compared with documented histologic observations.
MATERIALS AND METHODS
Finite Element Model of Fracture Healing
An axisymmetric finite element model was created to represent a long bone fracture or osteotomy site in the initial stage of fracture healing (Fig 3) . This same model was used to represent the geometry and histology of the mouse distraction osteogenesis model (described later) before the initiation of distraction. The cortical bone was considered to act as a rigid boundary because it is much stiffer than other tissues represented at the site of regeneration. All other tissues were assumed to be linearly elastic and isotropic, as a simple first approximation. The assigned elastic properties of pluripotential callus and medullary tissue were E (elastic modulus) = 1.0 and v (Poisson's ratio) = 0.49.
It is assumed that with long bone fracture healing in a cast or brace, intermittent compressive axial forces will be imposed at the fracture site as a result of muscular activity and perhaps partial weightbearing. To simulate this loading in the authors' model, a unit axial force was applied and the patterns of tensile strain and hydrostatic stress in the regeneration tissue were determined. These patterns were compared with the well documented patterns of tissue differentiation observed in normal secondary fracture healing.
Distraction Osteogenesis Experiment and Finite Element Model
A mouse tibia1 lengthening scheme was used to investigate the molecular and cellular events that characterized tissue regeneration during distraction osteogenesis.45 The treatment protocol consisted of a 7-day latency period followed by a phase of active distraction. Animals were sacrificed after 6 and 10 days of distraction osteogenesis. Decalcified paraffin sections were prepared using standard histologic techniques and in situ hybridization, which included 35s labeled antisense riboprobe corresponding to collagen Type 11.
The finite element model of fracture healing (Fig 3) was used to calculate stress and strain patterns for the initiation of distraction before any tissue regeneration simply by applying a tensile force to the model instead of a compressive force.
A second axisymmetric finite element model was created based on the geometry and histologic analysis of the mouse model after 6 days of distraction (Fig 4) . At that time, tissue regeneration is occurring in response to daily distraction, and the geometry has changed because of distraction and the presence of newly formed bone. The material properties of the loose connective tissue in the distraction gap of this model were E = 5.0 MPa and v = 0.49, and the newly formed bone was assigned the values E = 100 MPa and v = 0.30. The patterns of tensile strain and hydrostatic stress were determined for an applied unit tensile force and compared with the histologic and molecular findings in the sacrificed animals.
RESULTS
The distributions of maximum tensile strain and hydrostatic stress in the regenerating tissue were calculated. These data were interpreted using the conceptual framework that has been presented (Fig 2B) to predict the distribution of tissue differentiation. The re- 
Normal Secondary Fracture Healing
With compression loading, the highest levels of hydrostatic compression were calculated directly in the fracture gap region between the bone ends (Fig 5) . This gap region also experienced the highest level of tensile strain, suggesting that fibrocartilage would be expected to form in the fracture gap between the bone ends. At all bone surfaces and regions outside the fracture gap, the hydrostatic stresses and tensile strains are relatively lower in magnitude. Direct intramembranous bone formation therefore will be permitted on most periosteal and endosteal surfaces, provided an adequate blood supply is present. However, on endosteal surfaces near the fracture gap and in the intramedullary tissues, intermediate to high levels of hydrostatic compression are created. This pressure may encourage cartilage formation at the endosteum and in the medullary cavity at the fracture site. The mechanobiologic stimulus for endosteal cartilage formation at the fracture site probably is reinforced by vascular damage caused by the fracture trauma. This tissue differentiation prediction is consistent with the documented nature of tissue distributions in healing fractures (Fig 6) .
Direct bone formation often is observed on the endosteal and periosteal surfaces near the fracture gap. The amount of intramembranous bone formed generally is greater periosteally than endosteally. Fibrocartilage cartilage and cartilage usually forms in the gap and medullary cavity at the fracture site.
At the periosteal surfaces near the gap, the hydrostatic stresses are actually slightly tensile, and intermediate levels of tensile strain are created outside the gap on the endosteal and periosteal surfaces (Fig 5) . Because the magnitude of these tensile strains is relatively low, fibrous tissue would not be expected to form on these surfaces. There are some indications, however, that low to moderate tensile hydrostatic stresses and strains actually may enhance bone formation. This periosteal region directly adjacent to an osteotomy gap loaded in compression often is observed to have the most exuberant intramembranous osteogenic activity18 (Fig 7) . The possible interactions between bone induction factors and mechanical environmental factors in this area of low to moderate tensile strain and tensile hydrostatic stress remains an area for additional research.
When cartilage or fibrocartilage is created in the callus, it can undergo endochondral ossification. This process is regulated by mechanical stress history in a manner analogous to endochondral ossification of the cartilage anlagen during skeletogenesis.5~6~'0312 Endochondral ossification is delayed or prevented by intermittent hydrostatic compressive stresses and accelerated by octahedral shear stresses (or strains).
Osseous bridging of the fracture site generally is initiated at the periphery of the callus, a site of insignificant hydrostatic pressure. Once this osseous bridging occurs, the bridging bone carries much of the loading across the fracture site, effectively shielding the softer tissues of the callus from stress. The magnitudes of hydrostatic compressive stresses imposed on any cartilage in the fracture gap therefore are reduced. This reduction in hydrostatic stress magnitudes then facilitates endochondral ossification, which proceeds from the outer ossified callus toward the center line of the bone.
If the fracture site is not well immobilized, bending and torsional displacements may result, creating high intermittent hydrostatic compression in the gap tissue and very high tensile strains in the regenerating tissue around the fracture gap. This loading also could cause direct physical damage to the organizing tissue and the newly forming capillaries at the fracture site. There would be significant tissue proliferation, and the high tensile strains would stimulate fibrous tissue formation. The continued motion and associated damage would delay or prevent an effective vascularization of the callus between the fracture fragments.
In this avascular, high compressive hydrostatic stress environment, the fracture fragments could start to form articulating cartilaginous caps. This combination of a gliding motion and intermittent hydrostatic compression at this site might result in pseudarthrosis,s much in the same manner as described in the adventitious cartilage experimental studies of Ha11.20 The loading conditions and mechanobiologic factors associated with delayed union and pseudarthrosis show strong parallels to the mechanobiology of joint morphogenesis.12
Distraction Osteogenesis
In the initial stages of distraction osteogenesis, the tensile strain patterns in the regenerating tissues are identical to those calculated in the fracture healing model. The patterns of hydrostatic stresses are identical to those in the fracture healing model, but reversed in sign because a tensile force rather than a compressive force is applied. The fracture gap tissue is exposed to tensile strains and tensile hydrostatic stresses (Fig 8) . If distraction is kept at a low level, bone could form in this region. However, if the distraction rates are too high, however, fibrous tissue formation in the gap would be expected. The small regions on the periosteal surface near the gap that experience tensile hydrostatic stresses during fracture healing are exposed to low magnitude hydrostatic compression during distraction. It is conceivable that the tissue in these periosteal areas would be stimulated down a chondrogenic pathway during distraction. The finite element models for distraction after 10 days predicted a region of moderate to high tensile strain in the distraction gap (Fig 9) . This mechanical state likely is associated with bone, fibrous tissue formation, or both depending on the strain magnitude. Near the surface of the new bone at the middle of the gap, the tensile strains are low to moderate, indicating a greater propensity for bone formation than at the high tensile strain region near the center of the gap. Tensile hydrostatic stresses calculated in the distraction gap ( Fig  9) are consistent with predictions of bone formation. The histologic studies showed that the gap was characterized by a central growth interzone bordered by new bone (Fig 10A) . The vascular sinusoids in the interzone were arranged approximately parallel to the calculated tensile strains. Pluripotential cells and blood populated the interzone.
Small areas of hydrostatic compressive stress (pressure) were calculated periosteally near the gap site (Fig 9) . It has been proposed that this mechanical stimulus is chondrogenic (Fig 2) . Safranin 0 and fast green staining and in situ hybridization with collagen Type I1 showed that cartilage formation was limited to these small discrete regions at the peripheries of the distraction gap adjacent to the osteotomy ends (Fig IOB) .
DISCUSSION
The same theoretical framework used in predicting the tissue differentiation patterns observed in fracture healing also can serve to predict the differentiation patterns observed in distraction osteogenesis. The mechanical and biologic results indicate that the stress and strain states and the tissue differentiation patterns in distraction osteogenesis are mirror images of those in fracture healing. The regions of initial bone formation in distraction osteogenesis are regions of cartilage formation in fracture healing and, vice versa, the regions of initial cartilage formation are regions of initial bone formation in fracture healing. These findings support the basic mechanobiologic concepts that bone formation is permitted (and perhaps promoted) in areas of low to moderate tensile strain, fibrous tissue is promoted in areas of moderate to high tensile strain, and chondrogenesis is promoted in areas of hydrostatic compressive stress (pressure).
This presentation has focused only on the initial phases of tissue regeneration in fracture healing and distraction osteogenesis. In the latter stages of healing, tissue growth and maturation occur, thereby altering the distributing of stresses and strains in the tissues. The subsequent mechanobiologic aspects of endochondral ossification and bone remodeling in these bone regeneration processes could be explored additionally using models in which geometry, material properties, and loading conditions evolve with time.6.11
The tissue level finite element simulations presented in this article used an elastic material model to represent the differentiating tissue. In an elastic formulation the terms hydrostatic compressive stress and hydrostatic pressure are used synonymously. With a more complex material model such as a two phase (solid-fluid) poroelastic model, the total hydrostatic stress in the tissue consists of a hydrostatic stress in the solid phase and a hydrostatic pressure in the fluid phase. 27 In developing soft tissues, the extracellular matrix is soft, so the total hydrostatic stress consists mainly of pressure in the fluid phase (at physiologic loading frequencies). The cells experience this pressure and may transduce this mechanical signal into biologic events.52 Stress or pressure gradients are not considered in the mechanically based tissue differentiation concepts presented. Possible flow related cellular level mechanisms of mechanical signal transduction such as electrical streaming potential are not incorporated in these models, although others have proposed that flow related mechanisms could be important influences in tissue differentiation.36
In addition to having direct effects on cell mitosis, biosynthesis, and gene expression, hydrostatic pressure and changes in cell shape may alter tissue differentiation patterns in vivo by altering the blood and nutrient supply to the tissue.2,10J9,22 Low vascularity or low oxygen tension levels have been shown to shunt undifferentiated mesenchymal cells into a chondrogenic pathway.2.21,23,31,41,4* Because capillary hydrostatic pressure is approximately 0.0023 MPa,46 even low levels of tissue hydrostatic pressure may decrease blood and nutrient supply significantly by a direct physical effect. It also is conceivable that cyclic hydrostatic pressure may regulate the expression of angiogenic factors or antiinvasion factors and/or their receptors. A mechanically mediated influence on angiogenesis would critically affect intramembranous and endochondral osteogenesis. 10 In the case of tissue deformation, researchers have made quantitative observations relating tissue level tensile strains to associated cell elongation and cell shape change~.13J4>15~22 A study by Carter and Giori9 showed that, consistent with the tissue Number 3558 October, 1998 Mechanobiology of Skeletal Regeneration S53
The fundamental concepts introduced here are applicable to virtually all orthopaedic procedures that result in skeletal tissue regeneration. The response of pluripotential tissue to mechanical stimulation is clearly of importance in fracture healing, distraction osteogenesis, neochondrogenesis, and tissue differentiation at implant interfaces. Additional studies exploring the relations between tissue loading histories and cell biology and gene expression will lead to a better understanding of how mechanobiologic and biological factors interact during skeletal regeneration. differentiation concepts outlined earlier, cell flattening of chondrocytes and fibroblasts in vitro generally results in increased fibrous matrix synthesis and deposition, whereas the removal of the distorting stimulus leads to decreased fibrous matrix production.
Cell flattening also generally is related to increased mitosis.22 The increased tissue proliferation associated with motion at a fracture site may be related partly to the intermittent cell flattening caused by tensile strains and distortions in the regenerating tissue. The upregulation of growth and differentiation factors by physical damage to this tissue also may play an important role in the proliferation of the callus.
